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A B S T R A C T
Previous work has shown that a low level of sulphate impurity in chromic acid can signiﬁcantly change
the growth rate and the morphology of porous anodic ﬁlms formed on aluminium at a constant voltage.
The changes were associated with incorporation of sulphate into the ﬁlms. The present study employs
electron microscopy to reveal the growth of larger pores and cells at longer times of anodizing than
previously used, leading to a duplex ﬁlm morphology, with ﬁner pores in the outer region. The change in
pore size correlates with a reduction in the concentration of sulphate in the ﬁlm. However, the behaviour
of a tungsten tracer indicates that the sulphate does not alter the mechanism of pore generation
signiﬁcantly. From the results of sequential anodizing in sulphate-containing and sulphate-depleted
electrolytes, it is suggested that incorporated sulphate ions lead to the generation of a space charge layer,
which has an important role in determining the current density.
ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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The formation of porous anodic ﬁlms is important for the
protection of aluminium alloys against corrosion and wear, and for
adhesive bonding of aluminium parts [1]. The ﬁlms are usually
formed in chromic, oxalic, phosphoric and sulphuric acids [1–6].
They consist of amorphous alumina that may contain anion species
from the electrolyte. A thin barrier layer occurs at the ﬁlm base; in
the thicker outer region, pores extend from the barrier layer to the
ﬁlm surface [6,7]. Under conventional anodizing conditions, the
barrier layer thickness, the pore diameter and the interpore
distance are mainly dependent on the anodizing voltage, with
ratios of 1.0,1.0 and 2.5 nm V1, respectively [5]. Al3+ and O2 ions
migrate across the barrier region, with the Al3+ ions being ejected
to the electrolyte and the O2 ions forming amorphous alumina at
the aluminium/ﬁlm interface [8,9]. The precise mechanism of ionic
transport in amorphous anodic oxides is unresolved, but is
generally considered to involve co-operative migration of metal
and oxygen species [10–13]. The transport numbers of the
respective species in anodic alumina are 0.4 and 0.6 [14].
Incorporated electrolyte-derived anion species migrate inward in
the barrier more slowly than O2 ions and reside in an outer part of
the barrier region and, subsequently, in the outer part of the pore
walls [15]. A balance between the growth of alumina and either its* Corresponding author. Tel.: +44 161 306 4872; fax: +44 161 306 4865.
E-mail address: p.skeldon@manchester.ac.uk (P. Skeldon).
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0013-4686/ã 2016 The Authors. Published by Elsevier Ltd. This is an open access articﬁeld-assisted dissolution at the pore base [5,16] or its ﬁeld-assisted
ﬂow into the pore walls [17–21] maintains a constant thickness of
the barrier layer during growth of the major pores under
conditions of either constant voltage or constant current anodiz-
ing. The efﬁciency of ﬁlm formation is commonly in the range
about 50  80%, dependent upon the anodizing conditions, due
mainly to ejection of Al3+ ions to the electrolyte [7,22–24].
In the present work, anodizing of aluminium is studied in
chromic acid. The resultant porous ﬁlms contain few, if any,
incorporated chromate ions, although chromate residues may
remain on the pore walls [2,3]. Chromic acid anodizing is of
particular importance in protective coating systems for aerospace
alloys. Its importance is owed to the high level of corrosion
resistance provided over the aircraft life, since chromate ions
within the coatings are very effective corrosion inhibitors for
aluminium [25]. Although chromic acid anodizing is a well-
established industrial process, little information is available in the
scientiﬁc literature on the inﬂuence of low levels of impurities in
the anodizing bath on the formation of the ﬁlms. Among the
impurities that should be controlled is the concentration of
sulphate. For instance in DEF STAN 03-24, the maximum
concentration of Na2SO4 is set at 0.5 g l1, which is equivalent to
a sulphate concentration of about 340 ppm [26]. However, a
previous study of the authors showed that 38 ppm of sulphate
impurity in the electrolyte could lead to a decrease in the growth
rate of the ﬁlm and in the size of pores and cells during anodizing of
aluminium at a constant voltage of 100 V and a temperature of
313 K [27]. The altered anodizing behaviour coincided withle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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anodizing behaviour is investigated for longer times than used
previously. A transition to an increased pore and cell size is
revealed following the extended time of anodizing. The analysis of
the ﬁlm composition shows that this correlates with a reduction in
the sulphate concentration in the ﬁlm. Further, two-stage
anodizing procedures are used to investigate the inﬂuence of
the sulphate on the anodizing current density.
2. Experimental
Aluminium sheet of 99.99% purity, with a thickness of 0.3 mm,
was cut to provide specimens of dimensions 3.0  1.5 cm. They
were then electropolished for 3 min in perchloric acid/ethanol
(20/80 by vol.) at 278 K, followed by rinsing in ethanol and then
deionized water. Each specimen was masked with lacquer (Stopper
45 MacDermid), leaving a working area of 3 cm2 on one side. The
specimens were then anodized individually to 60 V at 5 mA cm2 in
0.1 mol dm3 sodium arsenate electrolyte. After anodizing in the
sodium arsenate electrolyte, they were rinsed in deionized water.
The specimens were then re-anodized at 100 V in 0.4 mol dm3
chromic acid at 40 C and again rinsed in deionized water. The
anodizing and re-anodizing methods followed earlier work that
used arsenic as a tracer in the ﬁlm for investigating the ﬁlm growth
mechanism [27]. The chromic acid was prepared using deionized
water and two sources of chromic oxide, which resulted in
electrolytes containing 1.5 and 38 ppm of sulphate. The low
sulphate chromic acid and high sulphate chromic acid electrolytes
are designated LSCA and HSCA, respectively. The details of the
electrolytes have been given previously [27]. In addition, some
specimens were anodized ﬁrstly in LSCA and secondly in HSCA or
vice versa, without previous anodizing in the sodium arsenate
electrolyte. The second anodizing was done immediately after the
ﬁrst anodizing was completed, with a brief rinsing of the specimen
in deionized water between the two anodizing stages.
Anodizing in the sodium arsenate and chromic acid electrolytes
was carried out in a two-electrode glass cell containing 500 cm3 of
stirred electrolyte. The specimen was connected to an insulated
aluminium rod and held vertically in the centre of the cell. The
cathode was a cylindrical aluminium sheet, with an area 210 cm2.
The cathode surrounded the specimen at a distance of 5 cm. The
electrolyte temperature was controlled using a heater/stirrer unit
with a contact thermometer (C-MAG HS 7 digital IKAMAG/ETS-0 500 1000 
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Fig. 1. Relationship between the current density and the time for anodizing of aluminiu
(HSCA) sulphate, at 313 K.D5). Constant current and constant potential anodizing employed
Metronix Model 6911 DC and Goodwill Instruments Co. GPR-
100H05 power supplies, respectively. The voltage and current
during anodizing were recorded every 0.1 s by a computer with
Labview software.
In order to investigate the mechanism of ﬁlm formation,
aluminium layers, with thin underlying layers of Al-W alloy, were
deposited on electropolished aluminium substrates by magnetron
sputtering following previous procedures [17]. The specimens
were then anodized at 100 V in LSCA and HSCA. The anodizing was
terminated when the Al-W layer had been oxidized and was
located within the barrier region of the ﬁlm.
Sections of specimens, nominally 15 nm thick, were cut for
transmission electron microscopy (TEM) using a Leica Ultracut
ultramicrotome with a Micro Star diamond knife. They were
examined in a Titan G2 80-200 instrument, which incorporates
ChemiSTEMTM Technology (FEI company), operated at 80 keV. The
instrument utilizes probe-correction technology and large solid-
angle, windowless, silicon-drift X-ray detectors. Specimens were
also examined by scanning electron microscopy (SEM) using a
Zeiss Ultra 55 instrument, operated at 1.5 kV. Cross-sections of
specimens were prepared for SEM using a diamond knife. The pore
diameters at the surfaces of ﬁlms were measured on scanning
electron micrographs, using image analysis software (Fiji 64). The
image analysis determined the area of individual pores. The pore
diameter was obtained by assuming that the pores were circular,
although in reality their shapes were usually irregular. In order to
determine cell sizes, substrates were examined by SEM and atomic
force microscopy (AFM) after dissolving the ﬁlms in a mixture of
chromic and phosphoric acids for 10 min at 60 C. AFM employed a
Dimension 3100 microscope with a Nanoscope 3a controller
(Bruker, Santa Barbara, USA), TEPA tapping mode probes and
Nanoscope Analysis software (Version 1.5).
3. Results and Discussion
3.1. Anodizing electropolished aluminium in LSCA and HSCA
electrolytes
Fig. 1 shows the current density during anodizing in LSCA and
HSCA for 2700 s. The results were highly reproducible for both
electrolytes. In the ﬁrst 700 s, trends typical of porous ﬁlm
growth are evident for both electrolytes, comprising (i) a rapid1500 200 0 25 00
ime/s
 LSCA
 HS CA
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m at 100 V in 0.4 mol dm3 chromic acid, containing 1.5 ppm (LSCA) and 38 ppm
208 D. Elabar et al. / Electrochimica Acta 196 (2016) 206–222decrease in current density as the pre-existing barrier ﬁlm formed
in the sodium arsenate electrolyte is thickened and embryo pores
are formed, (ii) a subsequent rise to a peak as the major pores
develop and (iii) a steady value of 2.8 mA cm2 and 4.0 mA cm2
for HSCA and LSCA, respectively, as the growth of the major pores
proceeds. The steady value is maintained until the termination of
anodizing in LSCA. However, when anodizing in HSCA, the current
density rises in the interval between 700 to 2300 s to a new
steady value of 5 mA cm2. Integration of the curves yielded
charges of 10341 and 9320 mC cm2 for anodizing in LSCA and
HSCA, respectively. The charges are sufﬁcient to oxidize thick-
nesses of 3.57 and 3.22 mm of aluminium in LSCA and HSCA,
respectively, assuming that each charge is used only to form Al3+
ions.
Fig. 2 shows scanning electron micrographs of cross-sections of
specimens re-anodized in LSCA (Fig. 2 (a–d)) and HSCA (Fig. 2 (e–
h)) for 600, 900, 1800 and 2700 s. Porous ﬁlms are evident attached
to the aluminium substrates. All the ﬁlms reveal terminated
incipient pores at the ﬁlm surface and major pores in the
underlying ﬁlm. The ﬁlm surfaces are relatively ﬂat in comparison
with the wavy aluminium/ﬁlm interfaces. The major pores are
arranged irregularly and reveal feathered surfaces, which are
typical features of anodic ﬁlms formed in chromic acid; further-
more, the pores often depart from a normal orientation with
respect to the ﬂat ﬁlm surface. Notably, the outer 60% and 35% of
the thicknesses of the HSCA ﬁlms formed for 1800 and 2700 s,
respectively, contain ﬁner pores than the inner regions of the ﬁlms
(Fig. 2 (g, h)). In contrast, the diameters of the major pores of LSCA
ﬁlms appeared unchanged through the ﬁlm thicknesses. The
transition in the pore diameter in the HSCA ﬁlms coincides withFig. 2. Scanning electron micrographs (backscattered electron) of cross-sections of alum
chromic acid at 313 K. (a to d) 1.5 ppm sulphate (LSCA). (e to h) 38 ppm sulphate (HSthe rise in current density shown in the current density-time curve
of Fig. 1.
Fig. 3 shows the relation between the average ﬁlm thicknesses,
measured from scanning electron micrographs, and the anodizing
times. The ﬁlm thicknesses were obtained from measurements
made from four different ﬁlm sections. Approximately linear
kinetics are revealed. The gradients of the best-ﬁt straight lines
were 1.51 and 1.28 nm s1 for LSCA ﬁlms and HSCA ﬁlms,
respectively. The relationships between the thicknesses and the
charges passed in the cell during re-anodizing in chromic acid are
shown in Fig. 4. The data also show also an approximately linear
dependence of the thickness on the charge, with gradients of
0.38 and 0.40 nm cm2 mC1 for LSCA and HSCA, respectively. The
gradients of the best-ﬁt lines of Fig. 4 indicate that the ratios of the
ﬁlm thickness to the thickness of the oxidized aluminium are
1.10 and 1.16 for the ﬁlms formed in LSCA and HSCA, respectively,
assuming that the charge passed is used exclusively for oxidation
of aluminium.
Figs. 5 and 6 present scanning electron micrographs of the
surfaces of the ﬁlms displayed in Fig. 2. In the backscattered
electron images, relatively deep, straight pores appear black; other
pores appear grey due to electrons being detected that are
backscattered from either the bases of shallower pores or from the
walls of inclined pores. The pores are arranged irregularly across
the specimen surfaces. Fig. 7 (a, b) show the relationships between
the pore population density and pore diameter determined from
image analysis of the previous ﬁgures. The results reveal that the
pores increase in size with increase of the anodizing time. Further,
the pores are generally smaller at a particular time of anodizing for
the HSCA specimens in comparison with the LSCA specimens. Theinium following anodizing at 100 V for 600, 900 s, 1800 s and 2700 s in 0.4 mol dm3
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Fig. 3. Relationship between the thickness of the anodic ﬁlm and the time of anodizing of aluminium at 100 V in 0.4 mol dm3 chromic acid, containing 5 ppm (LSCA) and
38 ppm (HSCA), at 313 K.
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occur due to chemical dissolution of the pore walls.
Fig. 8 (a–d) present scanning electron micrographs of the
surfaces of specimens that had been re-anodized in LSCA for 600,
900, 1800 and 2700 s; the ﬁlms were then chemically-stripped
from the aluminium substrates by immersion in a mixture of
chromic and phosphoric acids. The specimens revealed scallops
that replicate the cells bases of the porous anodic ﬁlms. The cells
were of a wide range of shapes and sizes. No signiﬁcant order in the
cell arrangement was evident. Fig. 8 (e) shows the relationship
between the pore population density and the cell size for
specimens re-anodized for 600 s and 2700 s. No major difference
in the relationships is evident; the cell size ranged from 6 to0 2000 40 00 6
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Fig. 4. Relationship between the thickness of the anodic ﬁlm and the charge passed in th
5 ppm (LSCA) and 38 ppm (HSCA) sulphate, at 313 K.392 nm, with an average of 249 nm following anodizing for 600 s,
and from 5 to 385 nm following anodizing for 2700 s, with an
average of 246 nm. Hence, the ratio of the average cell diameter
to the anodizing voltage is 2.5 nm V1. In the previous study of
the formation of ﬁlms in LSCA for a time of 360 s, a ratio of
2.1 nm V1 was obtained [27]. The ratios for the LSCA ﬁlms are
within the range typically reported for porous alumina ﬁlms
formed under mild anodizing conditions [5,28].
In contrast to re-anodizing in LSCA, after re-anodizing for 600 s
in HSCA, the stripped surface revealed cells that ranged in diameter
from 7 to 275 nm, with an average cell diameter of 137 nm [27],
which is much smaller than the average cell diameter of the LSCA
surface. A few isolated or clustered cells of signiﬁcantly larger000 8000 10 000 1200 0
 LSCA
 HSCA
ssed/mC cm-2
e cell for anodizing of aluminium at 100 V in 0.4 mol dm3 chromic acid, containing
Fig. 5. Scanning electron micrographs (backscattered electrons) of the surfaces of aluminium following anodizing at 100 V for (a) 600 s, (b) 900 s, (c) 1800 s and (d) 2700 s in
0.4 mol dm3 chromic acid, containing 1.5 ppm sulphate (LSCA,) at 333 K.
210 D. Elabar et al. / Electrochimica Acta 196 (2016) 206–222diameter were also present; these cells were similar in size to those
on the LSCA surfaces (Fig. 9 (a)). After re-anodizing for 900 and
1800 s, the clusters of larger cells increased in area as the number
of cells in each cluster multiplied (Fig. 9 (b, c)), and by 2700 s the
clusters had multiplied and grown sufﬁciently to cover the whole
surface (Fig. 9 (d)). The cells within the clusters had diameters in
the range 6 to 407 nm, with an average diameter of 243 nm. The
latter diameter is similar to that of the cells formed during re-
anodizing in LSCA. The changes in the cell diameters during re-
anodizing coincided with the increase in the current density
shown in Fig. 1. In order to conﬁrm that the presence of sulphate
was the main factor inﬂuencing the cell size during re-anodizing in
HSCA, a specimen was re-anodized for 900 s in LSCA with 60 ppm
of sulphate added as sodium sulphate (see inset Fig. 9 (b)). The
stripped surface was similar to the one produced by re-anodizing
for the same time in HSCA.
Fig. 10 presents AFM height images of the stripped surfaces that
had been re-anodized in LSCA for 1800 s (Fig. 10 (a)) and in HSCA
for 1800 and 2700 s (Fig. 10 (b, c)). Linescans across the centre of
individual cells on the LSCA surface showed cell depths of 50 to
70 nm. These depths are similar to the magnitude of the
undulations across the aluminium/ﬁlm interface in the ﬁlm
cross-section of Fig. 2. The HSCA specimens disclosed cell depths
similar to those of the LSCA specimen. However, the cells were
located within large scallops, with depths of 500 nm and
diameters of 1 to 3 mm, which correspond to the cell clusters
observed by SEM in Fig. 9. The average diameter of the scallops wasgreater after anodizing for 2700 s. The scallops then occupied the
whole of the specimen surface after re-anodizing for 2700 s,
whereas the surface was only partly covered after 1800 s, which
also agrees with the observations by SEM.
Fig. 11 displays transmission electron micrographs and EDX
maps of a HSCA ﬁlm formed by re-anodizing for 1800 s. The
micrograph of the left hand side shows the full thickness of the
anodic ﬁlm and the accompanying map shows the distribution of
sulphur. The micrograph in the centre of the Figure shows the
details of the ﬁlm near the aluminium/ﬁlm interface. EDX maps of
sulphur, aluminium and oxygen are presented for this region. The
sulphur maps reveal that sulphur is present in the outer regions of
the pore walls and also to a depth of  0.60 to 0.70 of the barrier
layer thickness. A similar result, not shown, was obtained after re-
anodizing for 2700 s. Table 1 presents the S:Al atomic ratio in the
sulphur-containing region of the barrier layer, determined from
EDX analysis, after anodizing for 90,180,1200,1800 and 2700 s. The
ratio reduces progressively from 0.023 at 90 s to 0.005 at 2700 s.
Fig. 12 shows the dependence of the S:Al ratio on the ﬁlm
thickness. According to the present ﬁndings, the main changes in
the current density and the cell size begin when the S:Al ratio at the
pore base reduces to 0.01, which occurs following anodizing for
900 s.
The decreasing amount of sulphur in the ﬁlm with increasing
ﬁlm thickness suggests that incorporation of sulphate into the
ﬁlm is limited by the rate of diffusion of sulphate ions from the
bulk electrolyte to the pore bases. After re-anodizing for 2700 s,
Fig. 6. Scanning electron micrographs (backscattered electrons) of the surfaces of aluminium following anodizing at 100 V for (a) 600 s, (b) 900 s, (c) 1800 s and (d) 2700 s in
0.4 mol dm3 chromic acid, containing 38 ppm sulphate (HSCA), at 333 K.
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0.003. The estimation of the ratio is made using the results of
EDX analysis for the S:Al ratio in the sulphur-containing region of
the barrier layer, namely 0.005, and the distribution of sulphur
in the barrier layer, where it is present to a depth of about two-
thirds of the barrier layer thickness. Assuming a density of
amorphous alumina of 3.1 g cm3and a ﬁlm growth rate of
1.28 nm s1, as indicated by the thickness-anodizing time
relationship of Fig. 4, the rate of sulphate ion incorporation at
the pore bases after re-anodizing for 2700 s is estimated to be
1 1013 sulphate ions cm2 s1. This rate of incorporation can be
compared with the estimated rate of diffusion of sulphate ions to
the bottom of the pores, using Fick’s ﬁrst law. For this purpose, the
following assumptions are made: (i) the diffusion coefﬁcient for
sulphate ions is 105 cm2 s1 [29], (ii) the sulphur concentration
at the ﬁlm surface is equal to that in the bulk electrolyte, namely
2.4 1017 sulphur atoms cm3, and (iii) the concentration of
sulphate in the electrolyte at the pore base is 25% of that at the
ﬁlm surface, which is approximately the reduction in the atomic
ratio of S:Al in the ﬁlm according to Fig. 12. Furthermore, the
development of a larger cell size after anodizing for longer than
700 s causes the growth of some pores to be terminated, which
then cannot supply sulphate ions to the barrier layer. The
difference in the population densities of cells, determined from
the stripped substrates, following anodizing for 360 and 2700 s
indicated a reduction in the number of pores by a factor of about
3. Thus, the effective through-thickness, open porosity of the ﬁlm
is reduced in the outer region of the ﬁlm from 15%, as measured
in previous work [27], to 5%. Based on this porosity, a diffusionrate of sulphate ions of 2 1014 ions cm2 s1 is calculated. The
diffusion rate is greater by an order of magnitude than the rate of
incorporation of sulphur into the ﬁlm that was estimated from
the experimental data. However, the values of several parameters
used in the calculation are uncertain, including the diffusion
coefﬁcient of sulphate ions in chromic acid at 40 C, the
concentration of sulphate ions in the electrolyte at the pore
bases and the diffusion path length in the irregularly-shaped,
branched pores of the inner region of the ﬁlm. Furthermore, the
diffusion rate may be lowered by adsorption of sulphate ions on
the pore walls and by the presence in the pores of aluminium ions
that have been generated by either ejection from the barrier layer
or dissolution of alumina at the barrier layer and pore walls.
3.2. Anodizing sputtering-deposited aluminium/Al-W alloy layers in
LSCA and HSCA electrolytes
The current density-time relationships during anodizing the
sputtering-deposited layers for 600 s in LSCA and HSCA are shown
in Fig. 13; comparisons are also included with anodizing electro-
polished aluminium. Two minima in the current density, at
70 and 150 s sin LSCA, and at 250 and 350 s in HSCA, occur for
the sputtering-deposited layers. The presence of the minima at
these times was conﬁrmed in repeated measurements. The
subsequent steady current densities are similar to those for
anodizing the electropolished aluminium substrates in the
respective electrolytes. Transmission electron micrographs of
ultramicrotomed sections of the sputtering-deposited aluminium
before and after anodizing for 90 and 230 s in HSCA are presented
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Fig. 7. (a) Relationship between the pore population density and the pore diameter at the surfaces of aluminium following anodizing at 100 V for 600 s, 900 s, 1800 s and
2700 s in 0.4 mol dm3 chromic acid, containing (a) 1.5 ppm sulphate (LSCA) and (b) 38 ppm sulphate (HSCA), at 333 K.
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aligned. The layers are located near the bottom and the top of the
barrier layer after anodizing for 90 and 230 s, respectively. The
precise location of the tungsten within the barrier layer thickness
is variable due to the non-uniform scalloping at the alloy ﬁlm
interface. During anodizing, the tungsten in the Al-W alloy layer is
oxidized and the W6+ ions migrate outward in anodic alumina at a
rate about 30% of the rate of the Al3+ ions [17]. Notably, the
tungsten-containing layer remains relatively ﬂat as it passes across
the barrier layer and reaches the pore bases. A similar observation
was made for specimens anodized in LSCA, and also for a specimen
prepared with a thicker layer of sputtering-deposited aluminium
so that the tungsten entered the ﬁlm after the steady currentdensity had been reached (Fig. 14 (b)). The increase in the current
density between the minima indicates that the ionic resistance of
the barrier layer is reduced by the presence of tungsten.
The results are contrary to the behaviour of tungsten-
containing layers in ﬁlms formed in phosphoric acid, where the
layers are distorted and tungsten does not reach the pore bases
[17]. Thus, the mechanism of pore formation difference is similar in
the ﬁlms formed in the LSCA and HSCA electrolytes, However, the
ﬁlm formed in HSCA contains a signiﬁcant amount of sulphate,
which leads to reduced diameters of the pores and cells, as well as
slower ﬁlm growth. The sulphate probably also inﬂuences the ﬁlm
density, the ﬁlm stresses and the co-ordination and transport
numbers of Al3+ and O2 ions.
Fig. 8. Scanning electron micrographs (secondary electrons) of the surfaces of aluminium following anodizing at 100 V for (a) 600 s, (b) 900 s, (c) 1800 s and (d) 2700 s in
0.4 mol dm3 chromic acid, containing 1.5 ppm sulphate (LSCA), at 333 K. The anodic ﬁlms were stripped from the aluminium substrates in hot chromic/phosphoric acid. (e)
Relationship between the cell population density and the cell diameter for specimens anodized for 600 and 2700 s.
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HSCA electrolytes
Fig. 15 (a) shows the current density during anodizing
electropolished aluminium ﬁrstly in LSCA and then in HSCA
(designated the LSCA/HSCA sequence) and vice versa (HSCA/LSCA
sequence). Each stage of anodizing lasted for 900 s. Fig. 15 (b)
shows the details of the current density for both sequences in the
ﬁrst 15 s of anodizing following the exchange of the electrolytes.
The results were replicated three times and also with a specimenpositioned 0.5 cm from the cathode in the second stage in order
to demonstrate that there was negligible inﬂuence of the
electrolyte resistance on the measured current densities. At the
start of the second stage of anodizing of the LSCA/HSCA sequence,
the current density rose rapidly to 4.0 mA cm2; which is close to
the ﬁnal value at the end of the ﬁrst stage of anodizing in LSCA. It
then fell to 2.8 mA cm2 after 15 s of re-anodizing and, after a
small peak, increased to 3.7 mA cm2 after 900 s, when re-
anodizing was terminated. From a comparison with the current
density-time response for HSCA shown in Fig. 1, it is apparent that
Fig. 9. Scanning electron micrographs (secondary electrons) of the surfaces of aluminium following anodizing at 100 V for (a) 600 s, (b) 900 s, (c) 1800 s and (d) 2700 s in
0.4 mol dm3 chromic acid, containing 38 ppm sulphate (HSCA), at 333 K. The anodic ﬁlms were stripped from the aluminium substrate in hot chromic/phosphoric acid. The
inset in (b) shows the stripped surface of a specimen anodized at 100 V for 900 s LSCA, with addition of 60 ppm of sulphate impurity, at 333 K.
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resembled the behaviour during anodizing in HSCA alone in the
interval between 900 and 1800 s, which showed an increase in the
current density from 2.8 mA cm2 to 4.0 mA cm2.
The current density in the ﬁrst stage of anodizing of the HSCA/
LSCA sequence (Fig. 15 (a)) reveals a low value compared with the
ﬁrst stage of anodizing of the LSCA/HSCA sequence. As noted in
previous work, the reduced current density is associated with the
incorporation of sulphate into the anodic ﬁlm and the generation
of a relatively small cell size [27]. The current density at the
termination of anodizing in HSCA was 2.9 mA cm2. Following
the change of the electrolyte, the current density in LSCA rose to
4.0 mA cm2 within 4 s of the start of re-anodizing (Fig. 15 (b)).
After a shallow minimum, a ﬁnal value of 4.5 mA cm2 was
reached after 900 s, compared with 4.0 mA cm2 for anodizing in
LSCA alone. The results for both sequences of anodizing indicate
that the current density following the exchange of the electrolyte
rapidly achieves a value characteristic of anodizing in the second
stage electrolyte. The charges passed in the ﬁrst 15 s of the second
stages of anodizing of the LSCA/HSCA and HSCA/LSCA sequences
were 47 and 60 mC cm2, respectively, which are sufﬁcient to
oxidize aluminium layers of thickness 16 and 21 nm, respectively.
However, the main changes in the current densities were achieved
by 6 s when 10 nm of aluminium had been oxidized. The
oxidation of this thickness of aluminium would have generated a
similar thickness of anodic alumina, since volume expansions of
1 and 1.2 for ﬁlm formation in LSCA and HSCA, respectively, were
determined previously [27]. The thickness of added alumina is
signiﬁcantly less than the thicknesses of the barrier layers, which
are in the range 100 to 120 nm according to observations of cross-
sections of ﬁlm by SEM; precise values for the thicknesses of the
barrier layers are difﬁcult to determine from SEM micrographs due
to the uncertainty of the location of the cross-sections with respect
to the centres of the pores.In order to examine the changes in the morphology of the ﬁlms
near the aluminium/ﬁlm interface following the exchange of
electrolytes, ﬁlms formed for different times in the second stages
of the anodizing sequences were removed from the aluminium
substrate by chemical dissolution in the chromic/phosphoric acid
solution and the revealed replicas of the cell bases were observed
by SEM. Fig. 16 (a–d) present scanning electron micrographs of the
aluminium surfaces after stripping anodic ﬁlms formed for 15, 60,
90 and 900 s, respectively, in the second stage of the LSCA/HSCA
sequence. After 15 and 60 s (Fig. 16 (a, b)), the stripped surfaces are
similar to a surface anodized in LSCA only (see Fig. 8). However,
after 90 s, many of the previous cells have developed small
secondary cells, typically with a diameter in the range 120 to
160 nm, with an average diameter of 130 nm (Fig. 16 (c)). The
average diameter indicates a ratio of the cell diameter to anodizing
voltage of 1.3 nm V1. The diameters of the secondary cells are
similar to those of cells formed during anodizing in HSCA alone for
times less than 700 s [27], i.e. before the rise in the current
density in the current density-time response of Fig. 1. In the latter
conditions, only relatively small cells are formed up this time,
which is associated with the incorporation of a signiﬁcant amount
of sulphate into the ﬁlm. After 900 s of re-anodizing in the LSCA/
HSCA sequence (Fig. 16 (d)), the surface is similar to one produced
after anodizing for 900 s in HSCA only, with a mixture of small and
large cells, the latter forming clusters. Fig. 16 (e) compares the
dependence of the cell population density on the cell size on the
surfaces of the specimens re-anodized for 15 and 60 s. The results
obtained for the population densities of the larger cell sizes at the
two anodizing times were similar; the difference in the results at
smaller cell sizes is considered to be due to the intrinsic variability
of cell sizes across the specimen surfaces, since no secondary cells
were present on the surface re-anodized for 60 s.
Fig. 17 (a–d) shows micrographs of the aluminium surface after
stripping anodic ﬁlms formed for 15, 60, 300 and 900 s,
Fig. 10. AFM height images and height linescans of the surfaces of aluminium following anodizing at 100 V in 0.4 mol dm3 chromic acid at 333 K, (a) containing 1.5 ppm
sulphate impurity (LSCA) for 1800 s, (b) containing 38 ppm sulphate (HSCA) for 1800 s and (c) in HSCA for 2700 s. The anodic ﬁlms were stripped from the aluminium
substrate in hot chromic/phosphoric acid.
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for 90, 180, 1200, 1800 and 2700 s in 0.4 mol dm3 chromic acid, containing 38 ppm su
Fig. 11. Transmission electron micrograph (high angular dark ﬁeld image) of a cross-section of aluminium following anodizing at 100 V for 1800 s in 0.4 mol dm3 chromic
acid, containing 38 ppm sulphate (HSCA), at 313 K.
Table 1
The atomic ratio of S:Al in the sulphur-containing region of the
barrier layer, determined by EDX analysis, for aluminium anodized
at 100 V in 0.4 mol dm3 chromic acid, containing 38 ppm sulphate
(HSCA), at 333 K.
Anodizing time (s) Atomic ratio S:Al
90 0.023
180 0.020
1200 0.010
1800 0.008
2700 0.005
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sequence. After anodizing for 15 and 60 s (Fig. 17 (a, b)), the
surfaces were not noticeably different from one anodized only in
HSCA for 900 s (see Fig. 9 (b)), comprising mainly ﬁne cells, with
small clusters of larger cells. However, after 300 and 900 s (Fig. 17
(c, d)), the surface resembled one anodized only in LSCA (see Fig. 8).
From the evidence of the current density-time responses and the
cell morphologies of the sequentially anodized specimens, the
current density can rapidly change following the exchange of the
electrolytes in a timescale that is too short for detectable changes
in the cell base dimensions to occur.000 2500 3000 350 0 4000
ckne ss/nm
f the barrier layer and the ﬁlm thickness following anodizing of aluminium at 100 V
lphate (HSCA), at 333 K.
Fig. 13. Relationship between the current density and the time for anodizing for sputtering-deposited aluminium, with an underlying layer of Al-W alloy, on electropolished
aluminium substrates. The anodizing was carried out at 100 V in 0.4 mol dm3 chromic acid, containing 1.5 ppm (LSCA) and 38 ppm (HSCA) sulphate, at 313 K. A comparison
is made with anodizing electropolished aluminium under the same conditions.
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EDX maps of sulphur at the bases of ﬁlms formed for 15 s in the
second stage of the LSCA/HSCA and HSCA/LSCA sequences,
respectively. For the LSCA/HSCA sequence, sulphur is present
beneath the pores in the outer 20% of the barrier layer thickness;
the S:Al ratio is 0.017  0.004 according to EDX analysis at the
boxed region shown in Fig. 18. The kinetics of ﬁlm formation andFig. 14. Transmission electron micrographs of sputtering-deposited aluminium, with an
anodizing. (b, c) After anodizing for 90 and 230 s, respectively, at 100 V in 0.4 mol dm
(thicker deposited aluminium than (a). (e) After anodizing in HSCA for 750 s.the relationship between the atomic ratio of S:Al in the sulphur
containing region of the ﬁlm, shown in Figs. 3 and 12, respectively,
indicate that an S:Al of 0.014  0.04 is expected in a ﬁlm formed
directly in HSCA for 900 s. The ratio is slightly lower than the
measured value for the LSCA/HSCA sequence. The difference is
within the experimental error. For the HSCA/LSCA sequence
(Fig. 19), the sulphur is present to a depth of 65% of the barrier underlying layer of Al-W alloy, on electropolished aluminium substrates. (a) Before
3 chromic acid, containing 38 ppm (HSCA) sulphate, at 313 K. (d) Before anodizing
Fig. 15. Comparison of the relationship between the current density and the time for sequential anodizing of aluminium at 100 V in 0.4 mol dm3 chromic acid at 333 K in two
stages. In one experiment, aluminium was anodized ﬁrstly for 900 s in chromic acid containing 1.5 ppm sulphate (LSCA) and secondly for 900 s in chromic acid containing
38 ppm sulphate (HSCA). In the second experiment, the sequence was reversed.
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Al ratio of 0.009  0.003 was determined by EDX analysis in the
boxed region shown in Fig. 19, which is located inside the main
sulphur-containing region. From triplicated experiments, the
charges passed for the LSCA/HSCA and HSCA/LSCA sequences
are 51 3 and 58  3 mC cm2, respectively. The charge required
for formation of the double layer is estimated to be 8 mC cm2,
assuming an electric ﬁeld and dielectric constant for the barrierlayer of 107V cm1 and 9, respectively, which is a negligible
proportion of the total charges passed. The latter charges are
sufﬁcient to oxidize 18–20 nm of aluminium.
The previous results show that the current density reaches a
value characteristic of anodizing in the second electrolyte alone
within 6 s by which time either a depletion (for the HSCA/LSCA
sequence) or an enhancement (for the LSCA/HSCA sequence) of
sulphate ions has taken place. The affected region occurs at the
Fig. 16. Scanning electron micrographs of the surfaces of aluminium following anodizing at 100 V in 0.4 mol dm3 chromic acid at 333 K in two stages: ﬁrstly for 900 s in
chromic acid containing 1.5 ppm sulphate (LSCA) and secondly for (a) 15 s, (b) 60 s, (c) 90 s and (d) 900 s in chromic acid containing 38 ppm sulphate (HSCA). The anodic ﬁlms
were stripped from the aluminium substrate in hot chromic/phosphoric acid. (e) Relationship between the cell population density and the cell diameter for specimens re-
anodized for 15 and 60 s.
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same period, no measurable changes in the cell size near the
aluminium substrate were detected. The changes in the current
density occur before the sulphate distribution in the barrier layer
has achieved the distribution characteristic of ﬁlm growth in the
second electrolyte. A decrease and an increase of the current
density following the change of the electrolytes would be
anticipated if the barrier layer were to increase or decrease inthickness, respectively. Such changes might be caused by depletion
or enhancement of sulphate ions in the barrier layer, since the
Pilling-Bedworth ratios for Al2O3 and Al2(SO4)3 are 1.65 and 6.40.
However, the change would be expected to continue until the
sulphate distribution in the barrier layer reached its ﬁnal steady
distribution. Therefore, it appears that the composition of the
barrier layer at the pore base is more important than the ﬁnal
sulphate distribution in determining the current density:
Fig. 17. Scanning electron micrographs of the surfaces of aluminium following anodizing at 100 V in 0.4 mol dm3 chromic acid at 333 K in two stages: ﬁrstly for 900 s in
chromic acid containing 38 ppm sulphate (HSCA) and secondly for (a) 15 s, (b) 60 s, (c) 300 s and (d) 900 s in chromic acid containing 1.5 ppm sulphate (LSCA). The anodic
ﬁlm was stripped from the aluminium substrate in hot chromic/phosphoric acid.
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HSCA sequence and its depletion increases the current density for
the HSCA/LSCA sequence.
Several studies have proposed important roles for incorporated
electrolyte-derived anions in control of the behaviour of anodic
ﬁlms. For instance, it has been shown that a permanent dipole canFig. 18. (a) High angle annular dark ﬁeld transmission electron micrograph and EDX el
ultramicrotomed cross-section of aluminium following anodizing at 100 V in 0.4 mol dm
1.5 ppm sulphate (LSCA) and secondly for 15 s in chromic acid containing 38 ppm sulexist in anodic alumina ﬁlms due to charge injection at the metal/
ﬁlm interface and the ﬁlm surface [30]. The surface charge of 1–
2  1012 charges cm2 has been attributed to electrons, generated
by oxidation of water, in deep traps created by mechanical stress
induced by incorporated electrolyte species. A balancing charge at
the base of the ﬁlm base is formed by injected Al3+ ions; theemental maps of (b) oxygen, (c) aluminium, (d) sulphur, and (e) chromium for an
3 chromic acid at 333 K in two stages: ﬁrstly for 900 s in chromic acid containing
phate (HSCA).
Fig. 19. (a) High angle annular dark ﬁeld transmission electron micrograph and EDX elemental maps of (b) oxygen, (c) aluminium, (d) sulphur, and (e) chromium for an
ultramicrotomed cross-section of aluminium following anodizing at 100 V in 0.4 mol dm3 chromic acid at 333 K in two stages: ﬁrstly for 900 s in chromic acid containing
38 ppm sulphate (HSCA) and secondly for 15 s in chromic acid containing 1.5 ppm sulphate (LSCA).
D. Elabar et al. / Electrochimica Acta 196 (2016) 206–222 221charges generate an electric ﬁeld in the ﬁlm of 106V cm1.
Further, a space charge region at the ﬁlm surface has been
employed in a recent theoretical analysis of ﬁlm growth to couple
ionic transport in the bulk ﬁlm and reactions at the ﬁlm surface,
including the incorporation of oxygen species into the ﬁlm and the
ejection of aluminium species from the ﬁlm [13]. Studies of the Al3+
ion dissolution during porous ﬁlm growth over a wide range of
current densities in malonic acid have also suggested that ﬁeld
assisted dissolution or ejection of Al ions is controlled by the
potential difference across the electrolyte/oxide interface, which
changes with the current density [31].
The presence of incorporated anions within a 3–5 nm thick
oxide layer at the ﬁlm surface has also been suggested to be the
origin of a high compressive surface stress that has been measured
for anodic ﬁlms formed in phosphoric acid [32]. It was suggested
that the dependence of the compressive stress on the current
density causes an instability of the oxide surface, with pores being
generated by viscous ﬂow of oxide driven by the stress [32].
Furthermore, the through-thickness stress in the oxide has been
observed to be compressive at current densities above 3 mA cm2
and tensile below this value [33]. A compressive stress was
developed when the difference between the total volume of the
anodic ﬁlm and the volume formed at the aluminium/oxide
interface is positive; the difference depends upon amount of
incorporated electrolyte-derived anions that add a relatively large
volume to the ﬁlm material, the transport number of oxygen ions in
the ﬁlm, tO, and the anodizing efﬁciency, e (i.e. the ratio of the
number of Al3+ ions retained in the ﬁlm to the number of
aluminium atoms of the metal that have been oxidized during
anodizing). The proposed criterion for generation of a compressive
stress [33] is given by the expression:
e/(1 + x)(1 + xVA/Vox)  tO > 0 (1)
in which 1.5x/(1 + x) is the average atomic ratio of S:Al in the ﬁlm
and VA and Vox are the molar volumes of Al2(SO4)3 and Al2O3,
respectively.
The ﬁlms produced in LSCA contain negligible amounts of
incorporated sulphate ions and according to previous work [27]form at an efﬁciency of 0.5. Using a value for tO of 0.6 [34,35] and
x  0, the left hand side of equation [1] is equal to 0.1. Hence, a
tensile stress is predicted in the oxide. In contrast, for anodizing in
HSCA, the efﬁciency of ﬁlm growth is initially 0.6 [27] and the
average atomic ratio of S:Al is 0.01 [27] and x  0.007. The left
hand side of equation [1] is equal to 0.012, and a compressive stress
is predicted in the oxide. Nevertheless, the pore formation
mechanism is not substantially changed, as indicated by the
similar behaviours of the tungsten tracer layers in ﬁlms formed in
LSCA and HSCA. The amount of sulphate in the HSCA ﬁlm in the
early stages of anodizing is only about 20% of that in a ﬁlm formed
in a sulphuric acid electrolyte at a similar current density [27].
Therefore, the compressive stress in the HSCA ﬁlm may be
relatively low. The increased cell size of the HSCA ﬁlms at increased
anodizing times may be associated with the depletion of sulphate
in the ﬁlm and a transition to an increasingly tensile stress state.
Furthermore, the ﬁlm is formed at a relatively low current density
at an elevated temperature, whereas high rates of ﬁlm growth
under hard anodizing conditions are often preferred for generating
long-range pore ordering [36,37].
The behaviour of the tungsten in the present ﬁlms contrasts
with that in ﬁlms containing increased levels of sulphate formed in
sulphuric acid at the higher current density of 5 mA cm2 [38]; the
tungsten in the latter ﬁlms does not migrate to the pore bases,
since it is transported to the cell walls by ﬂow of oxide. The
observation of long-range pore order in anodic alumina ﬁlms has
previously been associated with compressive stresses in the ﬁlms
[39] and ﬂow of oxide [21,40,41]. The absence of long-range order
of pores in the present ﬁlms suggests the absence of a signiﬁcant
compressive stress. The pores in the ﬁlms formed in LSCA and
HSCA therefore appear to be formed by ﬁeld-assisted dissolution,
with locally enhanced penetration of the alumina at the pore bases
generating the feathering.
4. Conclusions
1. The presence of 38 ppm sulphate impurity in 0.4 mol dm3
chromic acid leads to formation of a duplex ﬁlm during
222 D. Elabar et al. / Electrochimica Acta 196 (2016) 206–222anodizing for 2700 s at a constant voltage of 100 V and an
electrolyte temperature of 313 K. The diameters of the major
pores in the outer region of the ﬁlm are smaller than those near
the ﬁlm base. The formation ratios for the average cell diameters
near the ﬁlm surface and near the ﬁlm base are 1.4 and
2.4 nm V1, respectively. In contrast, during anodizing using an
electrolyte containing 1.5 ppm sulphate impurity the cells
display relatively constant diameters through the ﬁlm thickness,
corresponding to a formation ratio in the range 2.1 to
2.5 nm V1.
2. The duplex morphology is associated with diffusion-limited
supply of sulphate ions to the base of the pores leading to a
reduction in the S:Al ratio in the barrier layer as the ﬁlm grows.
The current density and morphological transitions under the
present conditions of anodizing are initiated when the S:Al ratio
in the barrier layer decreases to 0.01, which occurred at a ﬁlm
thickness of 1 mm.
3. The increase in cell size occurs ﬁrst by formation of isolated,
small clusters of larger cells. The clusters then expand in size as
more of the larger cells are formed, which eventually cover the
whole of the ﬁlm base.
4. The incorporation of sulphate into a near-surface region of the
barrier layer appears to be important in controlling the current
density, which is possibly due to incorporated sulphate ions
leading to the formation of a space charge layer at the pore
bases.
5. The behaviours of tungsten tracer layers indicated that the
mechanism of pore formation was not changed substantially by
the incorporation of sulphate.
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